Lead isotopic compositions of international silicate glasses, feldspar and copper-based samples are obtained using femtosecond laser ablation multiple collector inductively coupled plasma mass spectrometry (fLA-MC-ICPMS). Some international glass standards for the microanalysis are applied to evaluate the method reported here. The Pb isotopic composition of these NIST glasses (SRM 610, 612, 614), USGS (BHVO-2G, BCR-2G, BIR-1G and GSD-1G) and MPI-DING glasses (GOR132-G, KL2-G, T1-G, StHs60/80-G) agree well with recommended values in 2 s error. One of 15 copper-based metals is found to have homogenized Pb isotope data and can be used as an external calibration standard and quality control sample for chalcopyrite, ancient coins, etc., to trace the genesis of metal deposit and culture exchange among different dynasties ( GBW02137, 
Lead isotopic composition is widely applied in geology and environmental research because of its tracing properties [15] . Thermal ionization mass spectrometry (TIMS) is the traditional way to precisely measure Pb isotopes in bulk rock/minerals after chemical reduction. Multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS), which is more efficient than TIMS, is the alternative method for measuring Pb isotopes [6] [7] [8] [9] . The MC-ICPMS technique combines advantages of both TIMS (multiple collectors) and ICP (high temperature, high ionization efficiency), and this method can obtain isotopes under atmosphere, which is suitable for in situ sampling techniques such as laser ablation [10] . Combined with mass fractionation calibration with Tl solution, the MC-ICPMS technique could obtain lead isotopes as precisely as isotope dilution (ID)-TIMS [7,8,1118] .
LA-MC-ICPMS has recently developed fairly quickly because of its in situ microanalysis of isotope compositions. However, there are some obstacles to this technique, such as elemental fractionation during laser ablation and mass discrimination during the ion transfer from the ion source (ICP) to detectors in the mass spectrometer [7, 8, 11] . Recent studies have shown that shorter laser pulse width (from nanosecond to femtosecond) could eliminate the elemental fractionation during laser ablation, and simultaneous sampling of Tl could calibrate the mass discrimination of the mass spectrometer. The fLA-MC-ICPMS can measure Pb isotopic compositions from inclusions, minerals, glasses, metals, etc. due to its negligible elemental fractionation and wellcorrected mass discrimination [3,10,1930] .
In the present work, we have measured Pb isotopic compositions of copper-based metals, silicate glasses and feldspar using fLA-MC-ICPMS. The instrumental conditions are investigated to eliminate the elemental fraction during laser ablation and calibrate the mass discrimination during mass spectrometer measurement. Fifteen copper-based met-als are chosen to evaluate the homogeneity of Pb isotopic compositions to select a candidate external calibration standard for laser ablation analysis of chalcopyrite, ancient coins, etc. Some international glass references (from NIST, USGS and MAINZ) for microanalysis are used to evaluate the calibration method developed in this work [7,3135] . We also synthesized a feldspar glass to serve as an external standard or quality control sample (QC) for Pb isotope analysis of feldspar minerals.
Experimental

Reagents and samples
Acids used in this work are HCl, HNO 3 , HBr and HF after sub-boiling preparation using Savillex DST-1000. High pure water is prepared using Millipore Element (18.2 MΩ/cm, Millipore Corporation, USA)and subsequently purified by sub-boiling distillation. Pb and Tl standard solutions are NBS981 and NIST SRM997, respectively. The purity of Argon and helium gases is better than 99.9995%.
The 11 international silicate glasses are from NIST (SRM 610, 612 and 614), USGS (BHVO-2G, BCR-2G, BIR-1G and GSD-1G), and Mainz MPI-DING (GOR132-G, KL2-G, T1-G and StHs60/80-G). The fifteen copper-based metals are from the Chinese Certified Reference Materials Research Centre, including brass (BY1902-4, GBW(E) 020012, GBW(E)020014a, BYG1902-3, GBW(E)020013), bronze (GBW02137, GBW02138, GBW02139, GBW02140), aluminum bronze (GBW02118, GBW02117), zinc cupronickel (GBW(E)020032), Tin bronze (ZQSn3-12-5), and lead brass (GBW02116, ZBY9031). A fresh K-feldspar is sampled from Qinhuangdao, Hebei.
The sample target is prepared as follows: (1) place the sample on double-stick tape, which has already been placed on a glass slide; (2) place a PVC ring around the sample (diameter 16 mm and height 8 mm); (3) fill the PVC ring with mixed resin and place it on a hot plate or in an oven until the resin solidifies; (4) remove the glass slide and polish the sample surface; and (5) clean the sample target with ethanol, high pure water and 2% HNO 3 to remove any contamination.
Instrumental
All the experiments are conducted at the State Key Laboratory of Continental Dynamics, Northwest University. A MC-ICPMS (Nu PlasmaII, Nu instruments, UK) is used to measure lead isotopic compositions. The Nu Plasma II is the latest generation MC-ICPMS, which is equipped with 16 Faraday cups and 5 full-size discrete dynode multipliers for greater flexibility in terms of most isotope analysis in the periodic table. The zoom optics system enables simultaneous measurement of two or more different isotopes with great mass jump (such as Hf and Pb) in one run. The desolvator system is an Aridus II TM (CETAC, USA; 100 uL/min PFA nebulizer), which can enhance instrumental sensitivity of MC-ICPMS greater than 10-fold while the oxide ratios are kept lower than 0.03% (CeO + /Ce + ). The femtosecond laser ablation system (NWR UP Femto , ESI, USA) consists of a Ti: sapphire femtosecond laser amplifier (Integra-HE, Quantronix) and ESI optical path, sampling, viewing and a control system. The Quantronix femtosecond laser is a regenerative and multi-pass Ti: sapphire laser based on the chirped pulse amplification (CPA) technique. The output laser wavelength is 263.5 nm after the 3rd harmonics of the original 795 nm wavelength. The energy density distribution of the laser is a Gaussian peak, and the final pulse width is less than 130 fs. The output energy is greater than 600 μJ (UV, λ= 263.5 nm, 250 Hz), which represents the energy density, and the sample surface is approximately 10 J/cm 2 . The spot size is between 1-65 μm based on 13 adjustable apertures. The sampling cell is a two-volume chamber that consists of a large, efficient sample chamber (5000 cm 3 ) and a super-high-sensitivity coneshaped sample cell (<0.5 cm 3 , home-made). The instrumental parameters are summarized in Table 1 .
Analytical method
Samples are loaded in the holder, and the chamber is evacuated three times. Then, the sample chamber is filled with carrier gas (He), and the gas flow rate is kept at 1 L/min to remove any air/contamination inside the tube. The total Femtosecond laser ablation system is stabilized for >30 min. The optical path is filled with N 2 with a flow rate of approximately 2 L/min. The energy density is approximately 6 J/cm 2 . Some craters of NIST 610 and bronze are illustrated in Figure 1 . The laser beam is deformed when the spot size is smaller than 10 μm (Figure 1 (a),(b)). The 2 μm setup (from aperture) creates an ellipse-shaped crater with short and long axes of 2 μm and 5 μm, respectively. The 5 μm setup also results in a 5 μm (short axis) × 8 μm (long axis) ellipse-shaped crater. When the spot size is larger than 10 μm, the craters are expected to be round. The deformation between the short and long axis of a 45 μm crater is approximately 4.4% (Figure 1(c) ), which is acceptable for any ablation application. Bronze is also ablated with a 40 μm spot, and the responding crater is round (the difference between short and long axis is about 2.5%, Figure 1(d) ). The deformation of small craters (<10 μm) is caused by laser diffraction, and the deformation of larger craters (>10 μm) is caused by the quality of the aperture system. There is no effect on general applications because the spot size is larger than 20 μm for most microanalysis using a laser ablation system. However, the real spot size needs to be considered for high spatial analysis, such as fish otoliths, mineral rings, and inclusions. The crater wall of silicate glasses ( Figure  1 and the crater walls in metals (Figure 1(d) ), and there are some islands inside large craters (>20 μm, Figure 1 (c)) because of the energy distribution of the aperture system. These islands will affect the sensitivity of the following mass spectrometer, and the intensity will drop quickly in TRA mode using single spot analysis on silicate glasses. This work utilizes the line scan mode to avoid this disadvantage. The MC-ICPMS is optimized after 30 min stabilization using a lead isotope standard solution (NBS 981) and a thallium solution (NBS 997) sampled through a desolvator (Aridus II). The instrumental setup is shown in Figure 2 Hg/ 202 Hg = 0.229883. The backgrounds of Pb and Hg are 10 ng/L and 20 pg/L, respectively. The intensities of these backgrounds are within the electronic noise background of Faraday cups and will not affect the Pb isotope measurement of samples that contain Pb contents higher than 1 μg/g. The mass discrimination of Pb can be calibrated using Tl, which is mixed with aerosols before entering the torch (Figure 2) . The instrument optimization criteria are high sensitivity, low oxide ratios, low double charge ratios, reliable and stable isotopic compositions. The isolate valve behind the skimmer cone is closed when the optimization is completed and ready for preamplifier calibration. The laser is kept on, ablating some samples to initialize the cones. Tl solution is kept on during all sections, and the background of the Tl utilizes the one before analysis because the background is fairly stable. Otherwise, the analytical efficiency will decrease at least three times due to the wash time (after analysis) and sampling time (before analysis), which take about 200 s, while the analysis of samples takes only 30 s for background plus 40-60 s of signal. The intensity of Tl drops when the laser generated aerosol enters the plasma [10] ; however, there is no effect on the mass discrimination of Tl [36] .
MC-ICPMS works in TRA (Time-Resolved Analysis) mode. The integration time is approximately 0.2 s, and the scanning speed is 5 μm/s. The sampling area is ~200 μm × 30 μm or ~80 μm × 80 μm, and the depth is less than 15 μm. The laser frequency and spot size are chosen depending on the Pb content of samples. For high Pb concentrations (for example, bronze), the laser frequency is set to 510 Hz, and the spot size is set to 30 μm. For low Pb contents (feldspar), the laser frequency is set to 125250 Hz, and the spot size is set up to 50 μm to obtain higher Pb intensities. NIST 610 served as the external standard and quality control sample to monitor the reliability of Pb isotopic compositions.
Results and discussion
Data calibration
Five different calibration methods are evaluated in this work: (1) sample-standard bracketing technique (SSB, NIST SRM612 served as standard); (2) calibrating mass discrimination with factors calculated from Tl after power law (assuming α Tl = α Pb ); (3) calibrating mass discrimination with factors calculated from Tl after power law (considering the mass discrimination between Pb and Tl, α Tl = a× α Pb , a is the difference that can be obtained using standard isotope solution NBS 981(Pb) and 997(Tl)); (4) calibrating mass discrimination with factors calculated from Tl after exponential law (assuming α Tl = α Pb ); and (5) calibrating mass discrimination with factors calculated from Tl after power law (α Tl = a×α Pb , see (2)). The results from both methods (3) and (5) agree with recommended values [7] in 2 s error, whereas method (3) is more reliable and agrees with isotope dilution (ID)-TIMS in 2 s error ( Figure 3 ). We use method (3) in this work. For more details of the calibration method, see [36] .
Laser ablation conditions
The laser energy density affects the materials ablated; therefore, the signal intensity is seriously controlled by laser energy density. However, the increase of laser energy cannot always gain higher sensitivity because some materials in the middle of crater cannot be ablated, which is most likely caused by laser diffraction based on current optical path design. We find that the signal intensity remains similar when the laser energy density is larger than 8 J/cm 2 , where- [40] ; TIMS: ratios measured by TIMS [7] .
as the Pb isotopic compositions agree well with 2 s error for different laser energy densities. We also find that the laser frequency has no effect on the accuracy of Pb isotopic compositions. However, the intensity affects measurement precision because the uncertainty of detectors is negatively correlated with signal intensity. We use 6 J/cm 2 
Copper-based samples
Fifteen copper-based metals are selected for evaluation of Pb isotopic compositions ( Table 3 ). The copper contents of these samples range from 60% to 85%, and Pb concentrations range from 0.017% to 17.62%. There are six types of samples in the form of chips and grain: brass, bronze, aluminum bronze, zinc cupronickel, tin bronze and lead brass. All the copper-based metals are measured four times using 40 μm spot size, 5 μm/s line scan speed and 5 Hz laser frequency. The relative standard deviation (RSD) of these samples is listed in Figure 4 . The RSDs of CUPB12, 13, 15 and 14 are smaller than the others, and CUPB12 (GBW02137) is the most homogeneous metal of all fifteen samples because it has the smallest RSD (<0.01%). To obtain accurate and precise Pb isotopic compositions and to evaluate the accuracy of the fLA-MC-ICPMS method, the Pb of CUPB12-15 metals is purified by chromatography separation (AG1-X8, BioRad, 200400 mesh) after high temperature bomb digestion [37, 38] . Some USGS standards are also measured together with the metals (Table 4) . Pb isotopic compositions of NBS 981 and NOD-A-1 agree with published values in 2 s, whereas AGV-2 shows slightly offset from results of Baker et al. [7] . However, the GUPB12-15 is also measured using fLA-MC-ICPMS, and NIST SRM 610 is used as QC ( Table 5 [13] . * Reference values are from [7] . Pb are 0.0011%, 0.0013% and 0.0012%, respectively. Based on the Pb isotopic composition from both laser ablation and solution, CUPB12 is selected as QC for in situ microanalysis of Pb isotopes in copper-based samples.
Measurement of USGS and MPI-DING reference glasses
Eleven USGS and MPI-DING reference glasses with lead concentrations ranging from 1. Figure 5 ). We also obtained the first high-precision Pb isotopic data for GSE-1G, GSC-1G, GSA-1G and CGSG (CGSG-1, CGSG-2, CGSG-4 and CGSG-5) reference glasses using the femtosecond laser ablation MC-ICPMS analysis technique ( Figure  6 ). For detailed discussion, see [36] . [39] , and the other reference values were obtained from the GeoRem database (http://georem.mpch-mainz.gwdg.de/) [40] . 
Conclusion
Pb isotopic compositions of samples with different matrices can be obtained using fLA-MC-ICPMS after mass discrimination, which is performed using Tl solution with the power law and correcting the mass discrimination difference between Pb and Tl. The agreement of Pb isotope microanalysis data for thirteen international glass standards between this work and recommended values reveals that this analytical method is reliable.
A bronze standard (GBW02137) is selected from fifteen copper-based standards on the basis of Pb isotope homogeneity We also synthesized a feldspar glass by melting well grinded fresh K-feldspar (3000 mesh) in a high temperature oven (1650°C). The results of laser ablation agree with those of solution digestion. This glass can potentially be utilized in Pb isotope measurement of feldspar minerals for a matrix-matched external calibration material or QC purpose.
